Fibroblast growth factor (FGF) has been implicated in a variety of developmental processes including posterior mesoderm and neural patterning. Previous work has led to contradictory roles for FGF in neural induction and anteroposterior neural patterning. Launay et al. (Development 122, 869 -880, 1996) suggested a requirement for FGF in anterior neural induction. proposed that FGF is not required for early neural patterning. Here we use a loss-of-function assay to examine whether FGF is required for neural patterning in three experimental situations: (i) in Xenopus early embryos, (ii) in embryonic explants consisting of presumptive dorsal mesoderm and neurectoderm (Keller explants), and (iii) in explants of dorsal ectoderm and posterior mesoderm in which FGF signaling is specifically blocked in the ectoderm. When cultured until tailbud stages, Keller explants develop neural tissue with normal anteroposterior pattern. Overexpression of the dominant-negative FGF receptor (XFD) in Keller explants inhibited the posterior neural markers En-2, Krox-20, and HoxB9, but not the panneural marker nrp-1 and the anterior neurectodermal markers XAG-1 and Xotx-2. Similar results were seen in whole embryos, but only when XFD RNA was targeted to both the dorsal and lateral regions. In contrast, addition of FGF to Keller explants resulted in a shift of the midbrain-hindbrain boundary marker En-2 to a more anterior position normally fated to become cement gland. We also determined whether FGF is required specifically by the neurectoderm for anteroposterior neural patterning. Recombinants of dorsal ectoderm and posterior mesoderm were made in which FGF was specifically blocked in the ectoderm. Spinal cord and hindbrain markers were inhibited in these recombinants, whereas anterior markers and cement gland development were enhanced. Our results demonstrate that FGF is important for posterior development in both mesoderm and neurectoderm and that neural induction and posteriorization represent separable developmental events.
INTRODUCTION
Anteroposterior patterning of the vertebrate nervous system is dependent on signals from the organizer, a special region above the dorsal blastopore lip which is capable of inducing a secondary dorsal axis when transplanted to the ventral side of a host embryo (Spemann and Mangold, 1924) . During gastrulation, signals from the organizer and dorsal mesoderm induce ectoderm to form neural tissues. The type of anterior or posterior neural tissue that forms de-pends on the anteroposterior level of the mesoderm (Mangold, 1933; Sharpe and Gurdon, 1990; Saha and Grainger, 1992) . To explain how anteroposterior neural pattern is established, Nieuwkoop (1952) proposed that two signals arise from the mesoderm. The first, "neuralizing" signal, induces only anterior neural tissue (forebrain). The second, "posteriorizing" signal, converts already neuralized tissue to more posterior neural tissues (midbrain, hindbrain, spinal cord). The second signaling factor may be distributed in a gradient with the highest levels coming from the most posterior mesoderm. Saxen and Toivonen (1961) proposed a separate model in which the two signals are distributed in opposing gradients, with the neuralizing signal highest in anterior regions, and the posteriorizing signal highest in posterior regions.
Several molecular candidates for the neuralizing signal such as noggin, follistatin, chordin, Cerberus, and FGF were identified (reviewed by Wilson and Hemmati-Brivanlou, 1997) , based on their ability to induce anterior neural tissue in animal cap ectoderm and their expression within the organizer. Specific candidates for the posteriorizing signal have also been proposed (reviewed by Doniach, 1995) and include FGF (Cox and Hemmati-Brivanlou, 1995; Lamb and Harland, 1995) , members of the Wnt family (McGrew et al., 1996 (McGrew et al., , 1997 Itoh and Sokol, 1997; Fredieu et al., 1997) , and retinoic acid (Durston et al., 1989; Sive and Cheng, 1991; Blumberg et al., 1997) . These factors are present in regions of the embryo which are involved in posterior development (Christian and Moon, 1993; Ku and Melton, 1993; Isaacs et al., 1992; Chen et al., 1994; Creech Kraft et al., 1994) but precisely what role each plays in neural patterning is not well understood.
FGF has potent mesoderm inducing properties in Xenopus animal caps (Slack et al., 1987; Kimelman et al., 1991) and is required for posterior mesoderm and convergent extension movements (Amaya et al., 1991 (Amaya et al., , 1993 Pownall et al., 1996) . These activities together with the ability of soluble FGF to induce neural tissue in Xenopus animal cap ectoderm (Lamb and Harland, 1995; Okamoto, 1993, 1995) and in chick epiblast (Storey et al., 1998; Alvarez et al., 1998) and to convert anterior neural tissue to more posterior neural cell types (Cox and Hemmati-Brivanlou, 1995; Lamb and Harland, 1995) implicate FGF in a variety of developmental events.
Although the ability of FGF to posteriorize neural tissue has been well established, loss-of-function studies employing a dominant-negative FGF receptor (XFD) have been contradictory. Launay et al. (1996) suggested that FGF is required for anterior neural induction since overexpression of XFD RNA in animal caps blocked neuralization by noggin and by signals from the organizer. However, in whole embryos, they did not find a significant reduction in expression of the neural marker, N-CAM. Two other groups (Kroll and Amaya, 1996; Bang et al., 1997) proposed that inhibition of FGF signaling in the ectoderm has no detectable effect on either neuralization or posterior neural patterning. In embryos expressing XFD RNA and in transgenic embryos expressing zygotic XFD, Kroll and Amaya (1996) were unable to reveal a role for FGF in either neuralization or posterior neural patterning. Similarly, Bang et al. (1997) showed that anterior and posterior neural induction in animal caps by noggin and by signals from chick Hensen's node are not dependent on FGF signaling. It is possible that differences in technical approach were responsible for these inconsistent and incompatible results. Consequently, to date, the distinct neuralizing and posteriorizing activities of FGF have not been adequately resolved by complementary loss-of-function approaches.
Here we utilize Xenopus embryos and various embryonic explants (Saha and Grainger, 1992; Keller, 1991; Doniach et al., 1992) with the goal of resolving whether FGF is required for neuralization, posteriorization, or both. "Keller ex-plants," consisting of a continuous strip of tissue containing the organizer and dorsal ectoderm, were employed because they allow easy analysis of anteroposterior neural development (Keller et al., 1991) . We examined the consequences of removing inductive signals in Keller explants by tissue ablation and by interference with FGF signaling. Our results demonstrate that FGF signaling is required for posterior neural patterning in explants and intact embryos. We also show that FGF signaling is not necessary for neural induction or anterior neural tissue patterning. Furthermore, in cocultures of dorsal ectoderm and posterior mesoderm, we demonstrate that FGF signaling is required specifically in the ectoderm for anteroposterior neural patterning. Our findings support Nieuwkoop's model for neural patterning and identify FGF as an essential posteriorizing factor.
METHODS

Xenopus Embryos and Explants
Albino and pigmented Xenopus laevis embryos were obtained and dejellied, then cultured overnight at 13°C in 0.1ϫ MMR solution as previously described (Peng, 1991) . Embryos were staged according to Nieuwkoop and Faber (1967) .
To prepare Keller explants, stage 10-minus albino embryos were selected according to Poznansky and Keller (1997) and stained in 0.02% Nile blue in Danilchik's medium (Peng, 1991) . A transverse slit was made in the extreme animal pole of a stage 10-minus gastrula with eyelash knives. Two vertical cuts were made on either side of the dorsal lip, subtending an angle of about 60°. These were extended to the first cut. A last cut just above the bottle cells separated the explant from the embryo. Deep cells adhering to the organizer were removed with eyelash knives. Explants were placed under siliconized coverslips which had a small amount of vacuum grease at each corner and cultured as flat tissue pieces. When sibling embryos reached the desired stage, explants were fixed with MEMFA (Peng, 1991) . All operations and culturing were carried out in Danilchik's medium with 0.05% gentamicin. In some experiments, explants were cultured overnight in 10 ng/ml Xenopus basic FGF (Kimelman et al., 1991) .
Dorsal ectoderm was cultured with posterior mesoderm as previously described (Hemmati-Brivanlou et al., 1990) . Embryos at the two-cell stage were injected with either XFD or d50 mRNA at the animal pole and in the dorsal animal quadrant of both blastomeres (four injection sites, a total of 4 ng of RNA per embryo). Dorsal ectoderm was isolated from these injected embryos at stage 10. Posterior mesoderm was obtained from uninjected stage 12 gastrulae.
Lineage Tracing Using DiI, Nile Blue, and Glass Beads
Labeling of cells with DiI (Molecular Probes) was performed as described by Selleck and Stern (1992) and visualized using a fluorescence microscope fitted with a double filter for fluorescein and rhodamine. Stage 10-minus embryos were placed in 0.5ϫ MMR and the fertilization membranes were removed. Dye was applied to the surface of the embryos by microinjection. Embryos were then transferred to wells made in 2% agar in 0.1ϫ MMR and cultured overnight until tailbud stages. In some fate mapping experiments, cells of intact embryos were marked with Nile blue instead of DiI (Sive et al., 1995) . For marking explants, glass beads were placed in the region to be followed (Poznanski and Keller, 1997) . The beads formed a small hole which could be visualized after staining.
In Situ Hybridization
Staining for neural markers was carried out using the whole mount in situ hybridization protocol of Sive et al. (1995) . To keep track of individual explants, they were placed in marked "baskets" made from pieces of 4-or 8-mm-diameter polypropylene tubing and nylon mesh (see Sive et al., 1995) . Explants were treated with 2 g/ml proteinase K (Boehringer Mannheim) for 15 min, while embryos were treated for 30 min. Two-color in situ hybridization was performed based on Doniach and Musci (1995) . Neural markers were detected using digoxigenin-labeled RNA probes, while cement gland was detected with a fluorescein-labeled XAG-1 RNA probe (Sive et al., 1989) . Digoxigenin was detected using alkaline phosphatase-conjugated anti-digoxigenin antibodies (Boehringer Mannheim) and BCIP and NBT substrates. The alkaline phosphatase was inactivated with 0.1 M glycine, pH 2.0, for 45 min. Then fluorescein was detected using alkaline phosphatase-conjugated anti-fluorescein antibodies (Boehringer Mannheim) and BCIP substrate alone.
The markers used in this study were XAG-1 (Sive et al., 1989) , En-2 (engrailed-2; Hemmati-Brivanlou et al., 1990) , Krox-20 (Bradley et al., 1991) , HoxB9 (also called XlHbox-6; Wright et al., 1990) , Xotx-2 (Pannese et al., 1995) , nrp-1 (Knecht et al., 1995) , gsc (Cho et al., 1991) , Xbra (Smith et al., 1991), and Xnot (von Dassow et al., 1993) .
RNA Synthesis and Microinjection
Capped synthetic mRNAs were generated by in vitro transcription from plasmids containing coding sequences for a dominantnegative FGF receptor (XFD) or a control mutant receptor (d50; Amaya et al., 1991) using the Megascript RNA transcription kit (Ambion). Two-cell embryos were transferred to 3% Ficoll 400 in 0.5ϫ MMR and blastomeres were injected in several places as described under Results. Each injection pulse was 4 -5 nl (0.2-0.4 ng/nl of RNA). After injection, embryos were cultured in 0.1ϫ MMR. Some embryos were used for the isolation of Keller explants, dorsal ectodermal explants or dorsal marginal zone (DMZ) explants as described above.
RT-PCR Analysis
Reverse transcriptase-mediated polymerase chain reaction (RT-PCR) was carried out as described on pooled explants and embryos (Itoh and Sokol, 1997) . Oligonucleotide primer sets included nrp-1 (Lamb and Harland, 1995) , Xotx-2 (upstream, 5Ј-GAG GCC AAA ACA AAG TGA GA-3Ј; and downstream, 5Ј-ACA GTC CAT ACC CCC AAA G-3Ј), and XAG-1 (upstream, 5Ј-GGT TGA TGT TAC TTC CCC AGA GCA G-3Ј; and downstream, 5Ј-GGG AAG TAA CAT CAA ACA AAG CAA CCA-3Ј). The conditions for PCR were as follows: 1 cycle at 94°C for 4 min; 25 cycles of 93°C for 1 min, 55°C for 1.5 min, and 72°C for 1 min; and then 1 cycle at 72°C for 4 min. For EF-1␣ and muscle actin, 21 cycles were used instead of 25. For En-2 and Krox-20, 30 cycles were used.
RESULTS
Neural and Mesodermal Patterning in Keller Explants
To understand the role of FGF in neural patterning we used Xenopus embryos and open-faced Keller explants which are known to develop anterio-posterior neural pattern after culture (Doniach et al., 1992) . Because we were interested in seeing the role of FGF in determining neural cell fate we first mapped the fate of cells within the explant. We also examined the expression of neural markers (Xotx-2, Krox-20) and early mesodermal markers (Xbra, Xnot, gsc) which have not been previously determined in open-faced explants. The pattern of mesodermal markers at early gastrula stages could be used to identify precisely which regions of the explant release neural patterning signals.
To determine whether anterior neural cell fate in these explants resembles that seen in intact embryos, cells in the center of the explants were marked and the location of neurectodermal markers relative to the center was determined ( Fig. 1 ). XAG-1 and En-2 expression patterns were monitored to identify cement gland cells and the midbrainhindbrain boundary, respectively. The center of the explant corresponded to the midpoint between the upper pole of the early gastrula (stage 10-minus) and the bottle cells, along the dorsal midline. When the same cells were marked in an intact embryo using DiI or Nile blue lineage tracers, their progeny occupied a region within the forebrain area between the eyes (33/49, i.e., 33 of 49 embryos; Fig. 1B ) or in the cement gland region (9/49; remaining embryos were stained in posterior neural regions, 7/49). Lineage tracers are not easily detectable following in situ hybridization. Therefore a glass bead was used to mark the center of an explant leaving a small hole in the explant (Fig. 1C ). At the tailbud stage, the position of the hole faithfully represented the location of the "central cells" since it could be colocalized with DiI-stained central cells (all explants, n ϭ 6). In Keller explants stained for XAG-1 and En-2, the beadmarked region was found either in a region just posterior to XAG-1, corresponding to the forebrain (13/24; Figs. 1D and 1E), or in the XAG-1 region itself (10/24). In the one exceptional case the bead was in the nonneural ectodermal portion of the explant. These results demonstrate that anterior cell fate in explants resembles that in whole embryos.
In addition to cement gland and En-2, other neural and mesodermal markers were expressed in Keller explants cultured until the tailbud stage (Fig. 2 ). In agreement with Doniach et al. (1992) , we found expression of Krox-20 (rhombomeres 3 and 5 in the hindbrain: Figs. 2A and 2E) and HoxB9 (spinal cord: Figs. 2B and 2F) in more posterior regions of the explants, as well as expression of a panneural marker (nrp-1: Figs. 2C and 2G). Xotx-2 is an anterior mesoderm as well as an anterior neural marker (Pannese et al., 1995; Blitz and Cho, 1995) . We found Xotx-2 expression as early as stage 10-minus as a band at the lower vegetal margin of the explants, just above the bottle cells (data not shown). In embryos, these cells will involute into the blastocoel and give rise to head mesoderm. This mesodermal expression was maintained in explants which had been aged and fixed at gastrula and neurula stages. A second band of Xotx-2 was observed after stage 12 (early neurula) in the neural portion of the explant (not shown). When a glass bead was placed in the center of an explant, it later occupied the Xotx-2-staining region (15/15; Figs. 2D and 2H), supporting our observation that the center is fated to form anterior neural tissues.
The localization of Xotx-2 to presumptive anterior mesoderm prior to the initiation of gastrulation movements suggested that anterior-posterior patterning of the mesoderm was already underway. Another marker for anterior mesoderm, goosecoid, was also localized to the lower margin of the explant (Figs. 2I and 2J). In contrast, posterior mesodermal markers Xbra and Xnot were found as bands in more interior regions of the explants, with Xnot farthest away from the lower margin. These interior cells involute after the anterior mesoderm in an intact embryo (Keller, 1991) . Therefore, anterior and posterior mesoderm were already specified at the early gastrula stage and are confined to the lower one-third of the explant.
The Organizer Region Is Required for Neural Pattern in Keller Explants and Is Specified to Form Posterior Neural Tissue
To evaluate the role of prospective mesoderm in anteroposterior neural patterning, the lower one-third of the explant, containing the mesoderm, was removed. Induction of several neural markers was substantially lost in the remaining (ectodermal) portion of the explants (Figs. 3A-3E) as indicated by the loss of several neural markers: XAG-1 (15/98, i.e., only 15 of 98 explants were positive for XAG-1), Xotx-2 (1/14), En-2 (1/36), Krox-20 (6/28), HoxB9 (3/34), and nrp-1 (0/14). This compares with the expression of each of these markers in at least 85% of control intact explants (as described, Fig. 2 ; n ϭ 14 to 128).
The dorsal mesoderm portion of the explant (i.e., the portion that was removed) was found to express neural markers nrp-1 (8/8; Fig. 3D ) and HoxB9 (30/31; Fig. 3C ) at the distal end. The incidence of more anterior neural markers, however, was greatly reduced ( Fig. 3B ; XAG-1, 1/87; En-2, 5/32; Krox-20, 5/24). Xotx-2 was found in this lower portion (10/10; stage 15; Fig. 3E ) but we believe that this expression represents anterior mesoderm (Fig. 2D ) based on the lack of overlap between regions positive for Xotx-2 and nrp-1 (compare Figs. 3E and 3D) .
In summary, we have shown that proper anteroposterior neural patterning in Keller explants requires signals from the lower one-third of the explants, and that this region is specified to give rise to mesodermal and posterior neural tissues.
Blocking FGF Signaling Eliminates Posterior Neural Development
To determine the role of FGF in anteroposterior neural patterning in Keller explants we decided to block FGF signaling by a dominant negative FGF receptor (XFD; Amaya et al., 1991 Amaya et al., , 1993 . It has been well established that overexpression of a dominant-negative FGF receptor (XFD) causes deficiencies in posterior mesoderm development, gastrulation movements, and convergent extension (Amaya et al., 1991 (Amaya et al., , 1993 Pownall et al., 1996) but studies of its effect on neural patterning have hitherto been contradictory (see Introduction). One report suggests a dependence on FGF signaling for anterior neural development (Launay et al., 1996) , while others were unable to find a role for FGF in either anterior or posterior neural patterning (Kroll and Amaya, 1996; Bang et al., 1997) .
XFD or control d50 mRNA was injected into the dorsal side of two-cell embryos at four locations (two animal and two vegetal sites, total of 4 ng RNA per embryo; Fig. 4A ). The XFD-injected embryos typically developed an open blastopore ( Fig. 4C ) and deficits in somitic muscle actin (data not shown; Amaya et al., 1991 Amaya et al., , 1993 . Whole embryos expressed both En-2 and XAG-1 regardless of whether XFD or d50 RNA was injected (XFD, 44/44; d50, 23/23; Figs. 4B and 4C) . Control (d50-expressing) Keller explants elongated and expressed both En-2 and XAG-1 (n ϭ 8; Fig. 4D ). In contrast, explants in which FGF signaling was blocked failed to elongate or express En-2 (n ϭ 11; Figs. 4E-4G). Interestingly, XAG-1 was expressed in a band across the middle of these explant at the same level that it had formed in control explants, indicating that anterior neural cell fate was not affected (Figs. 1 and 2) . The XFD-injected explants also showed loss of other posterior neural markers (Krox-20, 1/13, data not shown; HoxB9, 0/11; Fig. 4F ), but expressed Xotx-2 (9/12, Fig. 4G ) and nrp-1 (11/11, data not shown). Almost all of control d50 explants (90 -100%) showed normal expression of all markers tested (for each marker, n ϭ 8 to 14 explants were tested). Glass beads that had been placed in the centers of each of the explants showed that the anterior markers were located in similar areas for both XFD-and d50-injected explants (Figs. 4F and 4G) . These observations show that FGF signaling is required for posterior, but not anterior neural patterning of Keller explants.
To explain the observed lack of effect of XFD on posterior neural development in whole embryos (Fig. 4C) , we examined the possibility that lateral ectodermal regions, outside the borders of the explants, were responsible for the rescue of posterior neural tissue in whole embryos. Our lineagetracing analysis using the vital stains DiI and DiO shows that both midline and lateral cells contribute to posterior neural structures (data not shown). During gastrulation, cells from lateral regions of the embryo are known to converge to the dorsal midline (Keller, 1975; Keller et al., 1992) . Therefore, we attempted to block FGF signaling in both dorsal and lateral regions of intact embryos. XFD or d50 RNA was injected into six sites of two-cell embryos as shown (Fig. 5A) . These injection sites comprise the four sites in the dorsal midline (Fig. 4A) , plus two additional sites on the sides of the embryo, in lateral regions just above the equator (total of 8 to 10 ng RNA per embryo; Fig. 5A ). While control (d50) embryos had normal neural marker expression, a large number of those injected with XFD lost posterior neural markers En-2, Krox-20, and HoxB9 completely (Figs. 5B-5F; Table 1 ). Occasionally, these markers were lost only on one side, which may reflect some failure to inhibit FGF signaling entirely. However, if expression Note. Numbers represent a percentage ratio of embryos expressing a marker compared to the total number of injected, stained embryos. n.a., not applicable, indicating that expression was in the midline of the embryo. persisted, it was often reduced compared to control embryos (Figs. 5D and 5E). Cement gland (XAG-1), panneural (nrp-1), and forebrain (Xotx-2) markers were maintained in the anterior regions (Figs. 5C, 5F, and 5G; Table 1) .
Posterior neural development is clearly lost provided that XFD is expressed in both midline and lateral ectodermal regions of the embryo. In this and previous studies employing dorsally restricted injections of XFD RNA (Kroll and Amaya, 1996; Godsave and Durston, 1997) , residual posterior neural development was most likely due to the persistence of FGF signaling within lateral regions.
RT-PCR Analysis of Neural Marker Expression in Embryos and Dorsal Marginal Zone Explants Expressing XFD
RT-PCR was used to confirm that a dorsal inhibition in FGF signaling is insufficient for loss of posterior neural marker expression, while dorsal plus lateral inhibition does prevent posterior neural gene expression. When XFD RNA injection was targeted only to the dorsal midline (a total of 4 ng per embryo, as shown in Fig. 4A ), neural markers were expressed normally, despite the loss of muscle actin (Fig.  6A, lane 1) . If, however, the injection was targeted to both dorsal and lateral regions (total of 8 to 10 ng per embryo, as shown in Fig. 5A ), a dramatic loss in posterior neural markers was observed, while anterior neural markers were expressed normally ( Figs. 6A and 6B, lanes 3 and 6) . Control embryos injected with d50 RNA had normal muscle and neural marker expression (lanes 2, 4, and 7) . Based on our results with Keller explants, dorsal marginal zone (DMZ) explants, consisting of the organizer and a small portion of supramarginal zone ectoderm, are expected to form all but the most anterior neural tissues. We found a loss of posterior neural markers in DMZ explants expressing XFD compared to controls (Fig. 6B, lanes 8 and 9) . Moreover, we observed an increase in Xotx-2 and XAG-1 expression, while the amount of nrp-1 RNA remained the same.
The expression of XAG-1 in control DMZ explants as detected by RT-PCR was unexpected based on the lack of visible cement glands in the explants. Therefore, several DMZ explants were double-stained by in situ hybridization to determine the spatial distribution of En-2 and XAG-1 ( Figs. 6C and 6D) . While very few d50-expressing explants showed a well-developed cement gland (XAG-1 staining, 1 of 20 explants), they did often show expression of En-2 (14/20; Fig. 6C ). Expression of XAG-1 (as well as Xotx-2 and nrp-1), detected in these explants by RT-PCR, may reflect a dorsal ectodermal contribution (see also Lamb and Harland, 1995) . DMZ explants injected with XFD had an increased incidence of XAG-1-expressing cells (17/20; Fig. 6D ), while comparatively few expressed En-2 (5/20).
In summary, these results show that blocking FGF signaling in DMZ explants leads to anteriorization of neural tissue and that FGF is important for posterior neural development.
Addition of FGF to Keller Explants Leads to Posteriorization of Neural Tissue but Does Not Expand the Neural Plate
To complement experiments in which we blocked FGF, the effect of increased levels of soluble FGF on anteroposterior neural patterning in Keller explants was assessed. Previous work has suggested that FGF can posteriorize neural tissue (Lamb and Harland, 1995; Cox and Hemmati-Brivanlou, 1995) and that it can also directly induce anterior neural tissue in animal cap ectoderm (Lamb and Harland, 1995; Kengaku and Okamoto, 1995) . We employed the glass bead marking technique to follow the fate of central cells which normally develop anterior neurectodermal tissues (Figs. 1C and 1D ). Evidence of posteriorization by FGF would be apparent if expression of En-2 shifted from posterior to anterior regions. If FGF is able to induce additional neural tissue in Keller explants, then we would expect an expansion, toward the animal pole, of the region expressing the panneural marker, nrp-1. Explants cultured in control medium until stage 22 showed expression of XAG-1 and En-2 as described above (13/13; Fig. 7A ) with the XAG-1 stripe either on or just ahead of the glass bead. Hence, the glass bead occupied the region corresponding to the forebrain, well ahead of the region of En-2 expression. When explants were treated with 10 ng/ml FGF, XAG-1 expression was lost from most of the explants (2/14 had XAG-1) while En-2 was maintained (12/14; Fig. 7B ). The band of En-2 was regularly found in contact with the glass beads (10/14), indicating that the center of the explant developed more posterior neural tissue in response to FGF. When explants were stained for a panneural marker (nrp-1) to determine whether the field of neural tissue had changed size in response to FGF (Fig. 7C) , nrp-1 expression was found in close contact with the glass beads for both controls and FGF-treated explants (8/8 for both groups). Therefore, FGF addition resulted in a shift of a posterior neural marker toward the anterior region, but did not induce expansion of the neural plate, supporting our previous observation suggesting a requirement for FGF in posterior neural patterning, but not in neural induction.
FGF Signaling Is Specifically Required in the Neurectoderm for Complete Anteroposterior Patterning
We have shown that posterior neural tissues are lost when XFD is expressed in both the mesoderm and ectodermal portions of Keller explants. It is likely that posterior mesodermal development was inhibited and, therefore, the signal responsible for inducing posterior neural tissue was also inhibited. To evaluate whether the neurectoderm requires FGF for proper neural development, we made recombinants of ectoderm (i.e., the responding tissue) and posterior mesoderm (i.e., the inducing tissue) in which FGF signaling was specifically inhibited in the ectoderm (Hemmati-Brivanlou et al., 1990) . Explants of stage 10 dorsal ectoderm were taken from embryos expressing XFD or d50 RNA (4 dorsal injection sites, total of 4 ng of RNA per embryo) and cocultured with or without posterior mesoderm from uninjected stage 12 embryos (Fig. 8) . Stage 12 posterior mesoderm can induce posterior neural tissue but does not itself express neural markers. Dorsal ectoderm alone, in which d50 or XFD RNA was expressed, did not contain significant amounts of neural tissue and had very low levels of XAG-1 and Xotx-2 RNA. When posterior mesoderm was added to d50-expressing dorsal ectoderm, both anterior and posterior neural tissues formed. In contrast, when posterior mesoderm was cocultured with XFDexpressing dorsal ectoderm, there was a complete loss of HoxB9, and a considerable decrease in Krox-20 expression. Expression of En-2 was also sometimes decreased, but this was not consistent for all experiments. As indicated by the expression of nrp-1, the amount of neural tissue was unchanged. Interestingly, the expression of Xotx-2 was enhanced indicating that FGF may function to inhibit forebrain development. This is in agreement with the observation that these recombinants had a much higher frequency of well-formed cement glands (16/18; data not shown), compared to recombinants in which d50 was expressed in the ectoderm (3/18; data not shown). Posterior mesoderm alone expressed muscle actin. We conclude that FGF signaling is required within the neurectoderm for the development of the most posterior neural tissues such as the spinal cord and hindbrain, but not of forebrain or midbrain. ) is found next to the location of a glass bead, that was placed in the center of the explant (black arrow). Midbrain-hindbrain boundary marker (En-2, red arrows, dark blue stain) in more posterior region. (B) In explants treated with 10 ng/ml basic FGF, En-2 (red arrow, dark blue stain) occupies a region significantly closer to the glass bead. Cement glands are frequently absent. (C) Control (left) and FGF-treated (right) explants stained for a panneural marker (nrp-1) show that FGF does not alter the expand the border of neural tissue.
DISCUSSION
Using Keller explants and whole embryos expressing a dominant-negative FGF receptor (XFD RNA), we have shown a dependence on FGF for posterior but not anterior neural induction. Moreover, when targeted specifically to the neurectoderm, XFD RNA inhibits posterior neural tissue, while elevating the amount of anterior neural tissue. Therefore, neural induction and specification of the anteroposterior axis appear to occur as distinct and separable developmental events. Not only do our results support the two-signal model of anteroposterior neural patterning, but they also demonstrate that FGF is required by the neurectoderm for posteriorization and that FGF may represent the second signal proposed by Nieuwkoop (1952) .
Our findings appear to contradict previous studies which showed that XFD RNA had either no effect (Kroll and Amaya, 1996) or weak effects (Godsave and Durston, 1996) on neural patterning in whole embryos. However, in both of these earlier studies, RNA injection was limited to the dorsal midline or animal pole (2 injection sites, total of 2-4 ng RNA per embryo). Despite the more widespread injection scheme employed in this study (6 injection sites, total of 8 -10 ng RNA per embryo), the local concentration of XFD RNA is similar to that of previous studies (1.5 ng at each injection site). Since cells in the dorsal midline as well as in lateral regions of the Xenopus gastrula are fated to form posterior neural and mesodermal tissues (Keller, 1975) , perhaps it is not surprising that we found it necessary to target XFD to both the lateral regions and the dorsal midline to abolish neural structures posterior to the midbrain. A similar role for dorsal midline and lateral (or paraxial) regions in posterior neural development is also evident in zebrafish (Sagerstrom et al., 1996; Woo and Fraser, 1997) and chick (Ensini et al., 1998) embryos.
The expression of XFD RNA in Keller explants may be analogous to placing ectoderm next to anterior mesoderm. Previous experiments in which anterior mesoderm was placed next to ectoderm led to anterior as well as more posterior neural induction. Saha and Grainger (1992) and Sharpe and Gurdon (1990) found that anterior mesoderm induced "intermediate" neural markers. Our experiments in Keller explants and whole embryos show that absence of posterior mesoderm leads only to Xotx2 expression and no intermediate or posterior neural marker expression. Hemmati-Brivanlou et al. (1990) demonstrated that anterior notochord induced En-2, which the authors considered to be an "anterior" neural marker. Our results show that En-2 and other more posterior neural markers can be inhibited by removing FGF signaling from mesoderm and ectoderm.
In transgenic Xenopus embryos which express XFD in every cell after the initiation of zygotic transcription, muscle development was profoundly reduced, while posterior neural development proceeded normally (Kroll and Amaya, 1996) . An early inhibition of maternal FGF receptors, as achieved by the widespread injection of XFD RNA employed in this study, is necessary to generate posterior neural deficiencies. In contrast, muscle formation appears to require FGF signaling both before and after gastrulation. Therefore, the development of muscle and posterior neural tissue may be regulated at different developmental stages. An alternative possibility is that differential sensitivity of muscle and neural tissue to XFD may reflect its effects on distinct FGF receptors.
Previous reports have proposed a role for FGF in anterior neural induction (Kengaku and Okamoto, 1993; Lamb and Harland, 1995; Launay et al., 1996) . However, some of these studies (Kengaku and Okamoto, 1993; Lamb and Harland, 1995) involved cell dissociation or culture of animal cap tissue in low calcium and magnesium media, conditions which can lead to neuralization (Grunz and Tacke, 1989) . FGF may have potentiated any partial neuralization that had already occurred. Launay et al. (1996) reported that FGF signaling is required by ectoderm for neuralization in response to neural inducing signals from the dorsal marginal zone. It is unclear, however, why the dorsal marginal zone itself did not develop neural tissue, as found in this study FIG. 8. FGF signaling is specifically required in the neurectoderm for complete anterior-posterior neural patterning. Explants of dorsal ectoderm (DE) were prepared from stage 10-minus gastrulae that had been previously injected with d50 or XFD RNA (4 dorsal animal injection sites, total of 4 ng RNA per embryo). Posterior mesoderm was obtained from stage 12 embryos. d50-injected embryos express neural markers and muscle actin (lane 1). For RT-PCR, cDNA was prepared from explants and embryos at stage 27. Embryos injected with XFD RNA express all neural markers, but have a decrease in muscle actin (lane 2; note that XFD injection was limited to the animal pole and dorsal midline). Uninduced explants of dorsal ectoderm (XFD and d50) do not express significant amounts of neural tissue (lanes 3 and 5). ( Figs. 3D and 6B ) and as reported previously by Holtfreter (1938 ( , translated by Hamburger, 1996 . It has been previously proposed that the response of animal caps to neuralization by noggin (Launay et al., 1996) or chordin (Sasai et al., 1996) , or by chick Hensen's node (Launay et al., 1996) is dependent on FGF signaling. However, the dependence on FGF signaling for neural induction by noggin has not been corroborated (see Bang et al., 1997) . Furthermore, by blocking FGF signaling in explants and whole embryos, we have demonstrated that FGF is not required for neural induction by natural signals from the organizer. Moreover, addition of FGF to Keller explants, while causing posteriorization of neural tissue, did not expand the border of the neural field.
We have shown that FGF signaling is required for posterior neural development in addition to its role in posterior mesoderm development (Amaya et al., 1991 (Amaya et al., , 1993 . The question remained whether FGF signaling is necessary in the neurectoderm itself for the response to posterior mesoderm. When we blocked FGF signaling in dorsal ectoderm and cultured it in contact with posterior mesoderm, we found losses in hindbrain and spinal cord markers, while forebrain and cement gland development was enhanced, indicating an overall shift from posterior to more anterior neural tissue. A lack of effect of XFD on En-2 expression suggests the presence of additional posteriorizing factors in the ectoderm such as Xwnts (McGrew et al., 1995 (McGrew et al., , 1997 Fredieu et al., 1997) , retinoic acid (Durston et al., 1989; Blumberg et al., 1997) , and/or other factors. When XFD was expressed in DMZ explants, Keller explants, and whole embryos, expression of En-2 was lost probably due to the absence of posterior mesoderm and therefore a lack of posteriorizing signals altogether.
Interestingly, posterior mesoderm induced both anterior and posterior neural tissue (also see Sharpe and Gurdon, 1990) . We interpret this result as follows: Ectoderm in direct contact with the posterior mesoderm became posterior neural tissue. Remaining ectoderm that was not as near to the mesoderm may have been neuralized by homeogenetic induction, and developed into anterior neural tissue. This result is probably analogous to Nieuwkoop's homeogenetic neural induction experiments: When flaps of ectoderm were grafted to the blastoceol roof of gastrulating embryos, they were induced to form anterior and posterior neural tissue. Ectoderm situated more distally from inducing mesoderm developed into anterior neural tissue (Nieuwkoop, 1952) .
A recent study employing Xenopus animal caps cocultured with chick Hensen's node examined the effect of blocking FGF signaling on expression of Pax-3, a marker for posterior neural tissue (Bang et al., 1997) . Hensen's node, the equivalent of the amphibian organizer, can induce Xenopus animal caps to form neural tissue (Kintner and Dodd, 1991; Bang et al., 1997) . When FGF signaling was blocked in noggin-treated animal caps cocultured with stage 5 Hensen's node, Pax-3 expression was retained, leading the authors to suggest that posterior neural patterning was not strictly dependent on FGF (Bang et al., 1997) .
Our recombinants of dorsal ectoderm and posterior mesoderm showed that spinal cord and hindbrain development require FGF signaling in the ectoderm, but that a marker for the midbrain-hindbrain boundary (En-2) does not. Pax-3 is expressed throughout posterior neural tissue, including regions that overlap with and extend anteriorly from En-2expressing regions (Bang et al., 1997) . Therefore, loss of Pax-3 would not be expected when FGF signaling is blocked in the ectoderm.
Results from this and other studies (Godsave et al., 1997; Cox and Hemmati-Brivanlou, 1995; Lamb and Harland, 1995) strongly support a two-signal model for anteriorposterior neural patterning (Nieuwkoop, 1952) . The first signal is a "neuralization" signal which originates from the dorsal mesoderm and which induces the ectoderm to form only anterior neural tissue (Nieuwkoop, 1952; reviewed by Doniach, 1995; Wilson and Hemmati-Brivanlou, 1997) . The extent to which this signal spreads defines the neural plate with the cement gland forming at the anterior limit. Noggin, chordin, follistatin, and Xnr-3 are proposed candidates for this signal because they are expressed in the organizer and they can induce anterior neural tissue in animal caps (Wilson and Hemmati-Brivanlou, 1997) . The second "posteriorizing" signal, which may consist of FGF, arises from the posterior organizer and forms a gradient, with the highest levels in more posterior regions and progressively lower levels in anterior regions. It is the combination of these two signals that determines anteroposterior neural cell fates.
